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Abstract— Visible Light Communication (VLC) has gained 
relevance during last years. It consists in using High-Brightness 
LEDs (HB-LEDs) both for lighting and for transmitting 
information changing the light intensity rapidly. However, there 
are some bottlenecks that are slowing down the deployment of this 
technology. One of the most important problems is that the HB-
LED drivers proposed for addressing high data rates in VLC 
achieve poor power efficiency. Since these HB-LED drivers must 
be able to reproduce fast current waveforms, the use of Linear 
Power Amplifiers (LPAs) has been adopted, which clearly damage 
the power efficiency of HB-LED lighting. In order to alleviate this 
problem, a HB-LED driver made up of two DC-DC power 
converters is presented in this work. One of them is responsible for 
performing the communication functionality by operating at high 
switching frequency (10 MHz), whereas the second one fulfills the 
illumination functionality by ensuring a certain biasing point. The 
split of the power allows to minimize the power delivered by the 
fast-response DC-DC power converter. Thus, the efficiency can be 
maximized for scenarios with changing conditions (i.e., mobile 
transmitter and/or receiver, presence of mobile obstacles, etc.). In 
this sense, how the lighting level and the communication signal 
power affect both the power efficiency and the communication 
efficiency is deeply analyzed. The implemented prototype achieves 
an overall efficiency around 90%. In addition, the proposed VLC 
transmitter is able to reproduce a wide range of digital modulation 
schemes, including Orthogonal Frequency Division Multiplexing 
(OFDM).  
Keywords— High switching frequency, Orthogonal Frequency 
Division Multiplexing (OFDM), Visible Light Communication 
(VLC), High-Brightness LED (HB-LED), output-series connection. 
I. INTRODUCTION 
 Wireless communication is essential for the present and 
future society. A lot of emerging topics, such as the smart city 
concept or the development of the smartphones technology, 
promote the communication between humans and many devices 
placed into the environment. As a result, the mobile data traffic 
has grown exponentially during last decade and it is expected 
that it keeps growing by 2021 [1]. However, enabling the 
predicted data traffic is not straightforward because the Radio 
Frequency (RF) spectrum is close to congestion. 
 Visible Light Communication (VLC) is one of the most 
promising solutions for alleviating the problem [2]-[5]. It 
consists in using the High-Brightness LEDs (HB-LEDs) not 
only for lighting, but also for transmitting information. In this 
application, the light intensity has a DC component that 
determines the lighting level and an AC component that 
represents the transmitted information. Obviously, the light 
intensity modulation is fast enough to be unappreciable to the 
human eye. 
 In general, a blue Gallium Nitride (GaN) HB-LED in 
combination with a yellow inorganic phosphor is the preferred 
approach for obtaining white light in Solid-State Lighting (SSL). 
However, this phosphor limits the HB-LED bandwidth to a few 
MHz (3-5 MHz) [6]-[7]. Several strategies have been proposed 
to overcome this limitation. For instance, RGB HB-LEDs can 
be used to achieve a bandwidth around 10-20 MHz per color [8]. 
In any case, a fast HB-LED driver able to reproduce current 
waveforms of several MHz is mandatory. 
 Regardless the particular bandwidth provided by the light 
source, maximizing the data rate for this bandwidth is a main 
target. It is important to note that the data rate depends on the 
modulation scheme. Two main approaches can be found in the 
literature. The first one consists in generating light pulses for 
transmitting the information [9]-[10] [see Fig. 1(a)]. This 
method is simple and it can be implemented with a power 
efficient HB-LED driver. As Fig. 2 shows, an extra MOSFET in 
series or in parallel with the HB-LED string can be used to 
implement the method. The main drawback is that pulse-based 
modulation schemes are inefficient from the communication 
perspective, which implies that they cannot achieve high bit 
rates when the available bandwidth is as limited as in the case of 
HB-LEDs. 
 The second approach is based on reproducing advanced 
modulation schemes that provide a higher data rate than pulse-
based modulation schemes for the same bandwidth [see Fig. 
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Fig. 1. Example of light intensity waveforms in VLC: (a) Pulse-based 
modulation scheme. (b) Advanced modulation scheme. 
 
1(b)]. The drawback is that this method jeopardizes the main 
advantage of HB-LED lighting: the power efficiency. The 
reason is that the HB-LED drivers that have been proposed for 
reproducing this kind of modulation schemes use a Linear Power 
Amplifier (LPA) for delivering the AC component while a DC-
DC power converter determines the DC component. It is 
important to note that a class A or B LPA barely achieves a 
power efficiency above 40%. As a conclusion, reproducing 
advanced modulation schemes is mandatory for enabling the 
massive data traffic predicted for upcoming years. However, 
improving the HB-LED driver efficiency is an important 
limitation that must be overcome. 
 Some recent works have addressed the issue [11]-[15]. In 
[11], several VLC transmitters fully or partially based on the use 
of DC-DC power converters are proposed. However, there is a 
lack of technical analysis and some important issues, such as the 
dependence of the HB-LED behavior on the operating 
temperature, are not considered. In [13], a two-phase 
synchronous buck converter able to reproduce single-carrier 
digital modulation schemes by controlling its output voltage 
ripple is presented. Since the first switching harmonic acts as the 
carrier of the reproduced modulation scheme, the approach 
provides the highest ratio between the bit rate and the required 
switching frequency. The major drawback of this method is that 
it is not able to reproduce multi-carrier digital modulation 
schemes, such as Orthogonal Frequency Division Multiplexing 
(OFDM), which are preferable in some scenarios [16]-[19]. 
 In the present work, a VLC transmitter able to reproduce 
both single-carrier and multi-carrier digital modulation schemes 
is proposed. The architecture is made up of two DC-DC power 
converters in output-series connection [15]. The first one is a fast 
response DC-DC converter that performs the communication 
functionality. The second one fulfills the illumination 
functionality by ensuring a certain biasing point. 
 The paper is organized as follows. The driving requirements 
for VLC and the proposed HB-LED are explained in Section II. 
The experimental results are given in Section III and finally, the 
conclusions are gathered in Section IV. 
II. PROPOSED HB-LED DRIVER 
A. Driving Requierements 
The study of the relationship between the light intensity 
emitted by a HB-LED string (s(t)), the current through it (iO(t)) 
and the applied voltage (vO(t)) is essential for designing the HB-
LED driver. The behavior depends on the particular HB-LED 
that is used, but certain general characteristics can be identified 
[20]-[22]. It can be assumed that the light intensity is 
proportional to the current. Regarding the current versus voltage 
relation, it is typically modeled as an ideal diode in series with a 
constant voltage source (i.e., the knee voltage) and the dynamic 
resistance. Moreover, the impact of the HB-LED junction 
temperature (TJ) must be taken into account. Basically, the knee 
voltage (VK) falls with TJ while the dynamic resistance remains 
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Fig. 2. HB-LED drivers for reproducing pulse-based modulation schemes: (a) 
MOSFET in series with the HB-LED string. (b) MOSFET in parallel with the 
HB-LED string. 
 
 
Fig. 3. Power inefficient HB-LED driver for reproducing advanced modulation 
schemes. 
 
 
Fig. 4. Driving of a HB-LED string for performing VLC considering the L-I and I-V curves. 
 
almost constant. Fig. 4 models the HB-LED behavior for two 
different TJ values. The figure also shows the dependence of the 
voltage waveform on TJ when reproducing a particular light 
intensity waveform. It can be seen that the DC component of 
vO(t) (i.e., vO-DC) depends on TJ because of the change of VK. 
However, since the dynamic resistance does not depend on TJ, 
the AC component of vO(t) (i.e., vO-AC(t)) does not change. As a 
conclusion, a current loop is mandatory when a DC-DC 
converter is used for driving HB-LEDs. However, controlling 
the average current (i.e., iO-DC(t)) instead of the whole current 
waveform is enough for ensuring the desired operation. Thus, 
the feedback loop of the HB-LED driver does not limit the speed 
of the HB-LED driver for reproducing the AC component of the 
current through the HB-LED string (i.e., iO-AC(t)). 
B. Proposed Architecture 
Fig. 5 shows the proposed HB-LED driver. It is made up of 
two DC-DC power converters in output-series connection. The 
low-side converter is a synchronous buck converter that operates 
in close-loop by controlling iO-DC(t). In the case of the high-side 
converter, a P-phase buck converter with high order output filter 
operates in open-loop performing the small voltage variations. 
The multi-phase buck topology [23] was conceived to be used 
as Voltage Regulator Modules (VRMs) for supplying 
microprocessors due to the high efficiency and high bandwidth 
achieved [24]-[25]. In addition, this topology is widely used as 
envelope amplifier when applying the envelope tracking (ET) 
technique [26]-[34]. These applications have some similarities 
with the high-side converter of the proposed VLC transmitter 
architecture: the output voltage level is low, the demanding 
bandwidth is very high, very low output voltage ripple is 
mandatory and in the case of both ET and VLC, a certain voltage 
reference must be tracked. In addition, a Mth order low-pass filter 
is considered at the output of P-phase buck converter. The use 
of a fourth or higher order output filter was already proposed in 
ET for reducing the output voltage ripple [31]-[38]. In the 
proposed HB-LED driver, the output voltage of the multi-phase 
buck converter (vO-H(t)) is the sum of vO-AC(t)  plus a particular 
DC voltage (vO-H-DC). In this way, the synchronous buck 
converter adds the remaining DC voltage (vO-L(t)) that is needed 
for achieving the desired lighting level. 
In order to ensure enough output voltage ripple rejection 
without demanding an unaffordable filter order, the switching 
frequency of the multi-phase buck converter (fSW-H) must be at 
least between 3 and 6 times higher than the maximum frequency 
of the communication signal that is going to be reproduced. In 
practice, it implies a switching frequency in the range of tens of 
MHz and, consequently, high switching losses that jeopardize 
the converter efficiency. Therefore, the power delivered by this 
converter must be as low as possible, which can be done by 
selecting vO-H-DC barely higher than the one that always ensures 
vO-H(t) > 0 V. Minimizing the power delivered by the multi-
phase buck converter is equivalent to maximizing the power 
delivered by the synchronous buck converter. In this way, the 
overall efficiency of the driver is maximized. It is important to 
note that since the synchronous buck converter only needs to 
track a constant current reference (iO-DC-Ref), its design is similar 
to a conventional HB-LED driver for lighting applications and, 
therefore, it can achieve a very high efficiency. 
In summary, since the proposed HB-LED driver is fully 
based on the use of DC-DC converters, it can achieve higher 
efficiency than the circuit shown in Fig 3. Moreover, the overall 
efficiency of the HB-LED driver can be maximized by 
minimizing the power delivered by the multi-phase buck 
converter. In other words, the HB-LED driver operation can be 
dynamically adjusted to the particular requirements of the VLC 
application and communication scenario. 
In addition, the proposed HB-LED driver has other positive 
points that must be highlighted. It is well know that driving 
floating MOSFET is difficult when the switching frequency is 
high. This is the case of the conventional buck converter. 
However, in the proposed configuration, the MOSFETs source 
are connected to a constant voltage point of the DC-DC 
converter (see Fig. 5). Thus, the MOSFETs driving task 
becomes easier. 
Another advantage is that the output-series connection 
enables an accurate reproduction of vO-AC(t) with relative ease. 
It is important to note that vO-AC(t) is small in comparison to vO-
DC due to the knee voltage of the HB-LEDs. As a result, 
reproducing the required vO(t) is difficult if a single DC-DC 
converter is used. Fortunately, the multi-phase buck converter 
of the proposed architecture is focused on performing the small 
voltage variations while the synchronous buck converter 
provide most of vO-DC, thus facilitating the reproduction of vO(t). 
More details regarding the proposed HB-LED driver can be 
found in [15]. 
 
Fig. 5. HB-LED driver for reproducing advanced modulation schemes. The 
multi-phase buck converter performs the communication functionality while the 
synchronous buck converter fulfills the illumination functionality by ensuring a 
certain biasing point. 
 
Regarding the drawbacks, the two isolated input voltages 
(i.e. VG-H and VG-L) required for the implementation is the 
weakest point of the approach. 
III. EXPERIMENTAL RESULTS 
A. Prototype Details 
 A two-phase asynchronous buck converter with 4th order 
Butterworth filter and a single-phase synchronous buck 
converter were built (see Fig. 6). The switching frequency of the 
multi-phase buck converter and the synchronous buck converter 
are 10 MHz and 250 kHz, respectively. Si-MOSFETs are used 
in both converters: SSM3K336R in the multi-phase buck 
converter and TK7S10N1Z in the synchronous buck converter. 
The load is made up of 6 HB-LEDs (W42180 Seoul 
Semiconductor) connected in series. The input voltage of the 
multi-phase buck converter and the synchronous buck converter 
are 8.5 V and 24 V, respectively. Regarding the communication 
signal, a 64-QAM-OFDM scheme is reproduced. It is important 
to note that the maximum frequency of the reproduced 
modulation scheme is around 3 MHz. The maximum bit rate 
achieved by this modulation scheme is 17.4 Mbps. However, 
some carriers of the 64-QAM-OFDM scheme must be 
deactivated in order to obtain an acceptable error during the 
demodulation. As a result, the actual bit rate is 11.4 Mbps. 
B. Four Points Test 
 In order to deeply evaluate the behavior of the HB-LED 
driver prototype, it is tested under different operating conditions. 
The exercise target is to study how the lighting level and the 
communication signal power affect both the power efficiency 
and the communication efficiency. Obviously, the lighting level 
depends on the average current through the HB-LED string (i.e., 
iO-DC). Regarding the communication signal power, it can be 
controlled by adjusting the peak to peak value of vO(t) (i.e., ΔvO). 
It is important to note that the modulation scheme only 
determines the shape of the communication signal. The signal 
can be amplified more or less depending on the particular 
application requirements, but the reproduced modulation 
scheme is the same. 
 Two lighting levels (determined by iO-DC=300 mA and iO-
DC=500 mA) and two levels of the communication signal power 
(determined by ΔvO =4.1 V and ΔvO =2.2 V) are considered. As 
a result, there are four possible situations. Fig. 7 exemplifies the 
performed test and facilitates the understanding of the reasoning 
that will appear along this section. 
 Fig. 8 shows the main waveforms of the VLC system for 
each situation. Note that vRX is the signal at the receiver 
(PDA10A-EC) when it is placed at 20 cm from the transmitter. 
The DC component of vRX (i.e., vRX-DC) measures the lighting 
level while the peak to peak value (i.e., ΔvRX) is determined by 
the communication signal power. Table I indicates both the DC 
component and the peak to peak value of each waveform. In 
addition, it shows the amount of power delivered by the multi-
phase buck converter (PO-H) and by the synchronous buck 
converter (PO-L), the overall efficiency (η) and a figure-of-merit 
for evaluating the communication efficiency that will be 
introduced below. 
 In situation 1, iO-DC and ΔvO-AC are 500 mA and 4.1 V, 
respectively. Note that as it was indicated in Section II.B, vO-
AC(t) is small in comparison to vO-DC. It can be seen that most of 
vO-DC is delivered by the synchronous buck converter. In this 
situation, the power of the HB-LED driver is 10.1 W, the 81% 
of the power is provided by the synchronous buck converter and 
the overall efficiency is 91.3%. 
 Comparing situation 2 to situation 1 allows to study the 
impact of decreasing the lighting level on the power efficiency 
of the HB-LED driver (iO-DC falls from 500 mA to 300 mA). In 
order to achieve the lower biasing point, the synchronous buck 
converter decreases its output voltage and, as a result, the 
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Fig. 6. Two-phase buck converter with 4th order filter in output-series connection 
with a synchronous buck converter: (a) Schematic circuit of the implemented 
HB-LED driver. (b) Two-phase buck converter prototype. (c) Synchronous buck 
converter prototype. 
 
amount of power delivered by this converter falls. It is important 
to note that since the communication signal power is the same, 
the peak to peak values of the waveforms are the same as in 
situation 1. Actually, ΔiO changes because the transmitter 
partially works in the non-linear region of the HB-LED string. 
It can be easily understood seeing Fig. 7. How this fact affects 
the communication will be addressed below. Another important 
point is that the operating conditions of the multi-phase buck 
converter do not change with respect to situation 1. Taking into 
account all these facts, the weight of the synchronous buck 
efficiency on the overall efficiency is lower in situation 2 than 
in situation 1 and, consequently, the overall efficiency falls. 
 In order to study the impact of reducing the communication 
signal power on the power efficiency of the HB-LED driver, 
situation 3 can be compared to situation 1 (ΔvO falls from 4.1 V 
to 2.2 V). All the peak to peak values of the waveforms change 
while the values of iO-DC, vO-DC and vRX-DC are the same as in 
situation 1. However, it is important to note that the output 
voltage of the synchronous buck converter is higher in the case 
of situation 3. It is because the AC voltage provided by the 
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Fig. 8. Main experimental waveforms of the VLC system during the four points 
test: (a) Situation 1. (b) Situation 2. (c) Situation 3. (d) Situation 4. 
 
TABLE I. MAIN PARAMETERS OF THE FOUR POINTS TEST 
 
iO-DC 
(mA) 
ΔiO 
(mA) 
vO-DC 
(V) 
ΔvO 
(V) 
vO-L 
(V) 
vRX-DC 
(mV) 
ΔvRX  
(mV) 
PO-H 
(W) 
PO-L 
(W) 
PO 
(W) 
η 
(%) 
EVMRMS 
(%) 
Situation 1 500 750 19.9 4.1 16.1 34 29 8.19 1.24 10.1 91.3 22.3 
Situation 2 300 575 19 4.1 15.2 23 29 4.64 1.23 5.87 88.6 27.6 
Situation 3 500 350 19.9 2.2 18.2 34 15 9.56 0.52 10.08 93.6 23.2 
Situation 4 300 300 19 2.2 17.3 23 15 5.31 0.51 5.82 91.3 24 
 
 
 
Fig. 7. Graphical description of the four point test considering the I-V curve of 
the HB-LED string and sinusoidal waveforms. 
 
multi-phase buck converter is lower in this situation, so its DC 
voltage is reduced to minimize the power that it delivers. 
Consequently, the synchronous buck converter increases its 
output voltage for providing the desired lighting level. It can be 
seen that the power of the HB-LED driver is almost the same in 
situation 1 and in situation 3. However, the power share is 
different. In situation 3, the power provided by the synchronous 
buck converter (94.8% of the total power) is higher than in 
situation 1 and, as a result, the overall efficiency rises. 
 Finally, the remaining situation appears in situation 4, where 
both the lighting level and the communication signal power fall 
(iO-DC falls from 500 mA to 300 mA and ΔvO falls from 4.1 V to 
2.2 V). In this situation, the power of the HB-LED driver is 5.82 
W, the synchronous buck converter delivers the 91.2% of the 
total power and the overall efficiency is 91.3%. 
 In summary, minimizing the communication signal power 
and maximizing the lighting level is the best strategy for 
achieving the highest power efficiency. However, the impact of 
both the lighting level and the communication signal power on 
the communication efficiency must also be taken into account. 
Basically, the communication efficiency depends on two 
parameters: the distortion and the power of the received signal. 
In general, the higher the power of the received signal, the higher 
the communication efficiency because the signal can be 
demodulated easier. Obviously, the higher the signal distortion, 
the lower the communication efficiency. 
 The root mean square value of the Error Vector Magnitude 
(EVMRMS) [39] is a widely used figure-of-merit that evaluates 
the performance of the communication system. The lower the 
EVMRMS value, the higher the communication efficiency. The 
EVMRMS value obtained in each situation can be seen in Table I. 
The best result is obtained when iO-DC is 500 mA and ΔvO is 4.1 
V (i.e., situation 1). If the lighting level is considerably reduced 
(i.e., the situation changes from 1 to 2), the EVMRMS rises 
dramatically although the communication signal power is the 
same. The reason is that the HB-LED string must be operating 
in the current-voltage linear region to properly reproduce the 
communication signal. However, ΔvO is too high for the iO-DC 
value considered in situation 2 (Fig. 7 may help to understand 
this phenomena). Thus, the HB-LEDs operate close to the knee 
voltage, where the non-linear current-voltage relation causes 
high signal distortion. Then, the communication signal power 
should be reduced when considering the lighting level of 
situation 2 in order to avoid the non-linear region. Thus, 
EVMRMS can be improved by reducing ΔvO. This is equivalent 
to move from situation 2 to situation 4. It can be seen that, as 
expected, EVMRMS is lower than in the case of situation 2 
because it reduces the distortion caused by the non-linear 
operation. However, since the communication signal power is 
lower than in the case of situation 1, EVMRMS is not as low as in 
that situation. Finally, EVMRMS can be reduced a bit by 
increasing the lighting level (i.e., moving from situation 4 to 
situation 3) in order to completely avoid the non-linear 
operation. 
In conclusion, there is trade-off between power efficiency 
and communication efficiency. For a particular lighting level, 
the communication signal power must be the maximum possible 
without operating in the non-linear region for maximizing the 
communication efficiency. However, from the power efficiency 
perspective, the best results are obtained when minimizing the 
communication signal power. 
C.  Feedback Loop Tests 
 In order to check the dynamic behavior of the HB-LED 
driver, several tests have been carried out. Fig. 9(a) shows how 
the synchronous buck converter reduces its output voltage in 
order to compensate the fall of the HB-LEDs knee voltage with 
TJ. Thus, both iO-DC and ΔiO remain constant over time. For this 
test, the HB-LEDs heat sink was removed to see a considerable 
change during a short period of time. 
 Fig. 9(b) shows the results when two changes in the 
communication signal power are performed. When the increase 
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Fig. 9. Main experimental waveforms of the VLC system during the feedback 
loop tests: (a) Compensation of the knee voltage fall with TJ. (b) Response to 
two changes of the communication signal power. (c) Response to two changes 
of the lighting level. 
 
of the communication signal power occurs, the multi-phase buck 
increases not only the AC component of its output voltage, but 
also the DC component. Remind that the DC component of the 
multi-phase buck converter output voltage is adjusted to provide 
the minimum value that enables the reproduction of the AC 
component. Thus, the synchronous buck converter reduces its 
output voltage to compensate the change. 
 Finally, Fig 9(c) shows the results when two changes in the 
lighting level are performed. It can be seen how the synchronous 
buck converter modifies its output voltage to track the desired 
lighting level. 
IV. CONCLUSIONS 
 Although VLC is an application with high potential for 
alleviating the congestion of the RF spectrum, it has some 
bottlenecks that are slowing down its deployment. One of the 
most important problems is the low power efficiency of the HB-
LED drivers proposed for reproducing advanced modulation 
schemes. The use of DC-DC converters seems to be the solution 
for solving the problem. However, the high bandwidth required 
for reproducing waveforms of several MHz causes that 
conventional HB-LED drivers for lighting applications cannot 
be directly adopted. The performance of a HB-LED driver made 
up of a multi-phase buck converter with high order output filter 
in output-series connection with a synchronous buck converter 
is deeply evaluated in this work. The multi-phase buck converter 
achieves high bandwidth operating in open-loop with high 
switching frequency. In this way, it is responsible for performing 
the small voltage variations (i.e., the part related to the 
communication signal). On the other hand, the synchronous 
buck converter is similar to conventional HB-LED drivers of 
lighting applications. It operates in close-loop ensuring that the 
desired lighting level is achieved. The split of the power enables 
the maximization of the power efficiency by minimizing the 
power that the multi-phase buck converter must deliver in each 
possible communication scenario. The wide experimental 
section allows to demonstrate the trade-off that exists between 
communication efficiency and power efficiency. 
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